Abstract. Pollen records from large lakes have been used for quantitative palaeoclimate reconstruction, but the influences that lake size (as a result of species-specific variations in pollen dispersal patterns that smaller pollen grains are more easily transported to lake centre) and taphonomy have on these climatic signals have not previously been systematically investigated. We introduce the concept of pollen source area to pollen-based climate calibration using the north-eastern Tibetan Plateau as our study area. We present a pollen data set collected from large lakes in the arid to semiarid region of central Asia. The influences that lake size and the inferred pollen source areas have on pollen compositions have been investigated through comparisons with pollen assemblages in neighbouring lakes of various sizes. Modern pollen samples collected from different parts of Lake Donggi Cona (in the north-eastern part of the Tibetan Plateau) reveal variations in pollen assemblages within this large lake, which are interpreted in terms of the species-specific dispersal and depositional patterns for different types of pollen, and in terms of fluvial input components. We have estimated the pollen source area for each lake individually and used this information to infer modern climate data with which to then develop a modern calibration data set, using both the multivariate regression tree (MRT) and weighted-averaging partial least squares (WA-PLS) approaches. Fossil pollen data from Lake Donggi Cona have been used to reconstruct the climate history of the north-eastern part of the Tibetan Plateau since the Last Glacial Maximum (LGM). The mean Published by Copernicus Publications on behalf of the European Geosciences Union.
Introduction
The study of past natural climate change and its underlying driving mechanisms, especially during the Late Glacial and the Holocene, provides an indispensable key to predicting future climatic conditions. Due to its global significance for atmospheric circulation and climate change, the Tibetan Plateau has become a focus for several palaeoclimatological studies in recent years, and over the last two decades a variety of records have been recovered from lake sediments (e.g. Gasse et al., 1991; Shen et al., 2005) , ice cores (Thompson et al., 1997; Liu et al., 1998) , and peat sections (Hong et al., 2005) . It has been assumed that changes in the monsoonderived moisture supply generally followed variations in the Northern Hemisphere summer insolation (An et al., 2000; Herzschuh, 2006; Wang et al., 2010) . However, discrepancies exist not only between records from different climatic regions but also between records from the same region, owing to the very large size of the plateau, the complex geographic settings within the plateau, and the regional variations in the relative importance of specific circulation systems such as the east Asian summer monsoon (EASM), the Indian summer monsoon, and the westerlies. For instance, the effective moisture changes during the Holocene show various patterns over the Tibetan Plateau according to the cluster analysis in Wischnewski et al. (2011) . Even individual proxies from the same site may indicate discrepancies in moisture evolution as they can reflect either local within-lake variations (diatom), or regional variations (pollen) (Wischnewski et al., 2011) .
Pollen analyses from lacustrine sediments have been widely used to provide an indication of changes in palaeovegetation and/or palaeoclimate (Birks, 1981; Yu et al., 1998; Birks and Seppä, 2004; Zhao et al., 2009a; Birks et al., 2010; Xu et al., 2010a) . Modern pollen-climate calibration sets have recently been developed and applied to the Tibetan Plateau Herzschuh et al., 2010; Lu et al., 2011) . The pollen records of lake sediments reflect signals within the pollen source area -the area from which all (or most) of the pollen grains in lakes are derived (Prentice, 1985; Sugita, 1993 Sugita, , 1994 Borström et al., 2008) . The inferred size of this source area, however, can vary with the size of the lake basin as well as the species-specific pollen dispersal and depositional characteristics (Tauber, 1965 (Tauber, , 1977 Janssen, 1966 Janssen, , 1973 Anderson, 1970; Jacobson and Bradshaw, 1981; Parsons and Prentice, 1981; Prentice, 1985; Schwartz, 1989) . Most of these early studies have focused on estimating pollen deposition at a point in the centre of a sedimentary basin, which is not appropriate for lake sediments as the pollen deposition in lakes could be further mixed in the water column, for example. A theoretical model to estimate the pollen source area for an entire lake surface was then developed by Sugita (1993) , in which the size of the 50 % pollen source area was calculated, but its implications have rarely been taken into account in pollen-based climate calibration studies. It might, for example, be problematic to apply pollen-climate calibration functions that are based on samples of surface soil or surface sediments from small lakes, to larger lakes (Birks, 2003; Zhao et al., 2009b; Birks et al., 2010; Goring et al., 2010; Xu et al., 2010b) . Furthermore, there can clearly be large variations in pollen spectra within individual large lakes, mostly due to differences in grain size, settling velocity, and related dispersal patterns in the atmosphere (Davis, 1963 (Davis, , 1967 Sun and Wu, 1987; Luly, 1997; Huang et al., 2004; Giesecke and Fontana, 2008) . In addition, within-lake hydrodynamics and/or fluvial input of pollen from the hydrological catchment can lead to further selective deposition within individual lakes (Debusk, 1997; Zhu et al., 2002; Xu et al., 2005) .
Our objectives in this study were twofold. First, we examined the influences that pollen source area and withinlake pollen variations have had on palaeoclimate reconstructions. For this purpose we compiled a pollen-climate calibration data set based solely on modern pollen spectra from large lakes in arid and semi-arid central Asian areas, together with a set of surface sediment samples from Lake Donggi Cona, a large lake in the north-eastern part of the Tibetan Plateau. We applied these findings to quantitative interpretations of climate and vegetation from the Lake Donggi Cona fossil pollen record, covering the time interval from the LGM to the Holocene. We then compared the pollen-based results with ostracod data from the same core using numerical methods, and also with other pollen records from nearby lakes in order to validate our climate reconstructions. Second, we compared the resulting climatic reconstruction from
Y. Wang et al.: Quantitative reconstruction of precipitation changes on the NE Tibetan Plateau 23
Lake Donggi Cona to other quantitative records from the Tibetan Plateau, in order to determine both the strength of the inferred changes in climate and the drivers behind these changes.
Study area
Lake Donggi • E; 4090 m a.s.l.), covering an area of about 230 km 2 , is located on the north-eastern Tibetan Plateau, to the north-west and east of the Anemaqin and Kunlun mountain ranges, respectively (Wang and Dou, 1998; Dietze et al., 2010) . The catchment area of the lake is 3174 km 2 and encompasses the foothills of the Anemaqin mountain range to the south-east with highest peaks of around 5200 m, and a slightly lower mountain range to the north. The lake is fed from the east by a perennial river, the Dong Qu, and some episodic inflows from the north that form three major pro-grading arcuate delta systems (Dietze et al., 2010) . The outflow from the lake is controlled by a gauge station set up during the 1970s and feeds into the Tuosu River, which flows into the Qaidam River and thence into the endorheic Qaidam Basin to the north-west (Fig. 1b) (Wang and Dou, 1998; Dietze et al., 2010) . For further details on the catchment characteristics, basin morphology, and limnology of Lake Donggi Cona, see Mischke et al. (2010a, b) and Dietze et al. (2010) .
The climate in this region, which is dominated by both the monsoon system and the extra-tropical westerlies, shows strong seasonal contrasts in precipitation and temperature. The mean annual temperature is −3.0 • C, with mean January and July temperatures of −15.9 • C and 7.8 • C, and maximum January and July temperatures of −7.6 • C and 13.6 • C, respectively. The mean annual precipitation is 311 mm, of which 76 % falls during the monsoon season (June, July, August, and September) (Fig. 1c) . Cold, dry air and northerly winds prevail during the winter season as a result of the Asian winter monsoon, reflecting the influence of the SiberianMongolian High. Meteorological data since 1953 are available from the nearest climate station at Madoi, 50 km to the south-west of Lake Donggi Cona (WorldClimate: http: //www.worldclimate.com).
The areas in the immediate vicinity of the lake have an alpine steppe vegetation dominated by Kobresia (Cyperaceae), Artemisia, and Poaceae, while the relatively moist Anemaqin mountain range supports alpine meadows (Kobresia spp.) and patches of alpine shrubs (Salix) with Saussurea spp. and Potentilla spp. (Kürschner et al., 2005; Wang et al., 2006) .
Materials and methods

Surface sediment sample collection, pollen source area estimation, and climate data
The modern pollen data set consists of 53 surface sediment samples from large lakes (with shortest radii greater than 750 m), in which 29 samples were collected and identified by our research team, with information on the remainder derived from published literature or personal communications (see details in Table 1 ). The 29 surface sediment samples from large lakes, together with 9 samples from small lakes (with shortest radii less than 200 m) situated close to a large lake, were collected from the Tibetan Plateau and the arid western China area (together with two sites from Tajikistan) during field expeditions between 2002 and 2011 (Fig. 1a , Table 1 , and Table S1 in the Supplement). Surface sediment samples were collected with a sediment grab or gravity corer from depths of 0-2 cm in the centre of each lake which, according to unpublished ( 137 Cs, 210 Pb) radiometric dating results, represent deposition during the last 20-30 yr. In order to extend the climate gradient of our modern data set, we also included a few sites from the Qaidam Basin and the Xinjiang lowlands, which may provide an analogue for the temperate steppe vegetation on the Tibetan Plateau during the early Holocene. The pollen source area for each large lake was estimated following Sugita's (1993) model for lake basins, which has the following inherent assumptions: (1) the sampling basin is a circular opening in the vegetation canopy, with the circular approximation of the basin shape for irregularly shaped lakes being based on the shortest radius (Bunting and Middleton, 2005) ; (2) winds are uniform from all directions; and (3) the dominant components of pollen transport are wind above the canopy and gravity below the canopy. Although many of our sampled lakes have inflows from rivers, we believe that wind remains the dominant driver for pollen transportation since (a) our lakes are located within flat plains rather than in mountainous regions, which is ideal topography for aeolian transportation; (b) although the fluvial inflows derive mainly from higher-elevation glaciers and the vegetation within their catchment areas is consistent with the vegetation components in the pollen source area, the total coverage of these upper catchments is much smaller and they will therefore not have contributed much pollen loading to the lakes; and (c) the inflows in such arid and semi-arid regions are not very large and are insufficient to transport large quantities of pollen grains into the lakes. Thus the pollen source areas, the areas from which 50 % of the pollen grains are derived (here we use 50 % according to the calculation in Sugita, 1993) , for four major pollen species (Artemisia, Chenopodiaceae, Poaceae, and Cyperaceae) have been estimated using the lake radii (see details in Table 1 ), a wind speed of 3 m s −1 (which is commonly used for pollen-vegetation modelling studies; e.g. Sugita, 1993) , and the pollen-fall speeds (Table 2) Table 1 ), as well as study sites mentioned in the text: a, Lake Luanhaizi; b, Lake Donggi Cona; c, Kuhai Lake; d, no. 2 pit; e, Lake Ximen Co; f, Naleng Lake; g, Yidun Lake; h, Ren Co; i, Hidden Lake. model parameters. The pollen source area for each lake was then derived from the pollen source areas of each species, using their proportions within the total pollen assemblage (see Eq. 1 below), and the size of the pollen source area was expressed as its radius R PSA , representing the distance from the sampled lake.
PSA lake stands for the pollen source area of the lake, PSA (1-4) indicate the size of the pollen source area for each taxon, and Per (1-4) are the pollen proportions for each taxon. Site-specific climate information on mean annual precipitation and mean July temperature was obtained from Böh-ner (2006) . Climate estimates (precipitation, temperature, radiation, evapotranspiration) with a monthly resolution were derived on a regular grid network (3500 × 4000 grid cells) covering the central and high Asian regions, with a grid-cell spacing of 1 km 2 (Böhner, 2006) . The statistical downscaling approach at the core of this geospatial climate modelling integrates gridded circulation variables (GCM data, re-analysis series), available station observations (climate records from more than 400 climate stations), and advanced terrain parameterisation methods (Böhner and Antonic, 2008; Soria-Auza et al., 2010) to account for the topoclimatic heterogeneity of central Asia. A detailed description of the methods used is given in Böhner (2005) . Considering the fact that the vegetation close to the lake should have higher contribution to the pollen assemblage in the lake sediments, an inverse-distanceweighting (IDW) method was applied to estimate the climatic factors for each lake according to the data within its pollen source area.
Coring, surface sediment sampling of Lake Donggi
Cona, and radiocarbon dating A 4.84 m-long sediment core (PG1790) was recovered from 98.436 • E, 35.345 • N using a UWITEC "Niederreiter 60" piston corer, under a water depth of 34.7 m (Fig. 1a) . Xray fluorescence data were used to correlate and calibrate the overlaps between the four core segments. The sediments consist mainly of carbonate-rich laminated lake mud. Light and dark laminae a few millimetres thick occur in the lower and upper sections of the core, while one-millimetre-thick couplets dominate between 2.3 and 3.6 m core depth. Sediments in the upper 1 m of the core have a mottled appearance, probably as a result of bioturbation by benthic invertebrates. In addition to the sediment core, 15 surface sediment samples (0-2 cm depth) were collected from different parts of Lake Donggi Cona using a sediment grab (Fig. 1c) .
Because of the absence of macrofossils, total organic carbon (TOC) was used for accelerator mass spectrometry (AMS) 14 C dating, carried out at the Poznan Radiocarbon Laboratory in Poland. As previously reported from the (Gregory, 1973) .
Tibetan Plateau area, the 14 C ages are commonly affected by the "hard water effect" (Morrill et al., 2006; Liu et al., 2009; Henderson et al., 2010) . Sediments from the top 1 cm of the core were used for radiocarbon-dating to estimate this effect, which yields an offset of about 2000 yr. In total, 17 14 C ages from 13 depth layers were processed, corrected, and calibrated using the OxCal 4.1 program and the IntCal09 calibration data (Bronk Ramsey, 2009; Reimer et al., 2009 ). OxCal 4.1 was also used to establish an age-depth relationship using a Bayesian approach, which integrates the radiocarbon dates with their stratigraphical positions and lithological changes to develop the most plausible age-depth model, given the available data (for a detailed description see Mischke et al., 2010b).
Pollen sample treatment and analysis
Fossil pollen samples were taken at 4 cm intervals for the Holocene period and 8 cm intervals for the older stages. In total, 53 surface sediment and 77 fossil pollen samples were treated and analysed following standard laboratory methods, including treatment with hydrogen chloride (HCl, 10 %), potassium hydroxide (KOH, 10 %), and hydrofluoric acid (HF, 50 %), as well as acetolysis, fine sieving (with a 7 µm mesh in an ultrasonic bath), and mounting in glycerine (Faegri and Iversen, 1989) . Two tablets of Lycopodium spores were added to the fossil samples for estimation of absolute pollen concentrations. The identification of pollen types was based on relevant published literature (Moore et al., 1991; Wang et al., 1997; Beug, 2004) and type collections. A minimum of 300 terrestrial pollen grains were counted, apart from 23 samples from the Lake Donggi Cona core that were older than 13.5 cal. ka BP and had very low pollen concentrations (200-2000 grains cm −3 ). For these 23 samples, only 50-150 pollen grains were counted since the local vegetation coverage and diversity were far lower than during either the Holocene period or the present, and the rare species only have minor influences on the climate reconstructions Wischnewski et al., 2011) .
Numerical analyses
Pollen percentages were calculated on the basis of the total pollen of arboreal and terrestrial non-arboreal pollen taxa. Only those pollen taxa that occurred with a frequency of 0.5 % in at least three samples were included in the numerical analyses and in the compilation of the pollen diagrams. The diagrams were generated using the TGView (version 2.0.2) software (Grimm, 2004) , and the definition of local pollenzone boundaries was based on the results of a constrained incremental sum of squares cluster analysis (CONISS), using the Edwards and Cavalli-Sforza's chord distance measure in TGView version 2.0.2. Previous study on the modern pollen rain of the Nam Co region indicated that the arboreal pollen mainly originate from long-distance transport (Lu et al., 2010) . Considering the fact that the arboreal pollen taxa in our modern samples are generally less than 2 %, arboreal taxa were excluded from the numerical analyses in order to minimise the effects of the long-distance transported pollen component on environmental interpretations. Furthermore, pollen percentages were square-root-transformed for the numerical analyses in order to stabilise variances and to optimise the signal-tonoise ratio. Detrended correspondence analysis (DCA; Hill and Gauch, 1980 ) yielded turnover gradients of 1.78, 1.07, and 1.36 standard deviations (SD) for the pollen sample sets from surface sediments of large lakes, and for the modern and fossil pollen samples from Lake Donggi Cona, respectively, indicating that linearly based methods such as principal component analysis (PCA) and redundancy analysis (RDA), or non-metric methods such as non-metric multidimensional scaling (NMDS), are appropriate for these data sets.
RDA was carried out using surface pollen data from large lakes as active samples, and the surface sediment and fossil pollen data from Lake Donggi Cona as supplementary entries. Since we focused mainly on the inter-sample distances rather than on inter-species correlations, samples were centred. The forward selection option was used, together with a Monte Carlo permutation test (999 unrestricted permutations), to detect the relative weighting of environmental factors such as mean annual precipitation (P ann ) and mean July temperature (T July ). Partial RDAs were applied to 18 surface sediment samples collected from 9 large lakes and 9 corresponding small lakes situated close to the large lakes, including P ann , T July , and square-root-transformed lake radii as environmental variables, in order to assess the potential influence of lake size. All the ordination analyses were carried out using the CANOCO software (version 4.5) for ordination and the CanoDraw software for plotting (ter Braak and Šmilauer, 2002) .
As the DCA yields a 1.78 SD for the pollen sample set from surface sediments of large lakes, unimodal methods could also be applied to this data set. weightedaveraging partial least squares (WA-PLS) models were developed for quantitative reconstructions based on modern pollen data collected from large lakes, associated with the inverse-distance-weighted climate data, using the C2 program (Juggins, 2003) . The numerical relationship between modern climate data and pollen values predicted by the calibration model (in leave-one-out cross-validation) was used to select the most appropriate WA-PLS model and to help assess the performance of the calibration method.
Besides the commonly used the WA-PLS approach, multivariate regression tree (MRT) analysis, (De'ath, 2002) superimposed on an RDA (with modern data as active and fossil data as passive or supplementary samples) is another useful method for quantifying past environmental parameters (Davidson et al., 2010a, b; Wang, et al., 2012) , which has been recently used to investigate European pollen-climate relationships (Salonen et al., 2012) . To further compare and validation our reconstructions by the WA-PLS method, we also applied this MRT analysis in conjunction with the RDA approach to the square-root-transformed surface pollen data from large lakes and inverse-distance-weighted climate data (P ann , which was selected by the forward selection in RDA), implemented using Brodgar 2.6.5 software (Zuur et al., 2009) .
To evaluate the correlation of pollen data recovered from large and small lakes, as well as the underlying driving factor for vegetation changes, Procrustes rotation (Peres-Neto and Jackson, 2001) was used to compare numerically pairs of multivariate data sets (for application to palaeoecological data sets see Wischnewski et al., 2011) , i.e. (1) the pollen assemblages in surface sediment samples from large lakes with those from corresponding small lakes, and (2) the Lake Donggi Cona fossil pollen assemblage with ostracod assemblages from Lake Donggi Cona and fossil pollen assemblages from the nearby Lake Kuhai (Wischnewski et al., 2011) . To allow statistically based comparisons of comparable data sets, the data sets were interpolated and resampled at 250 yr intervals using the AnalySeries 2.0.4.2 software (Paillard et al., 1996) . Procrustes rotation analysis and the associated PROTEST permutation test were applied to the ordination (NMDS) results. The PROTEST function in R, which performs a random permutation test, was modified to allow restricted permutations (block resampling) for time series data (Besag and Clifford, 1989, Wischnewski et al., 2011) . The vegan package (Oksanen et al., 2008) in R (R Development Core Team, 2008) was used to carry out the NMDS ordinations, Procrustes analyses, and PROTEST (Peres-Neto and Jackson, 2001) .
All the numerical analysis methods involved in this study are summarised in Table 3 .
Results
Set-up and validation of modern pollen-climate calibration set from large lakes
In total, 55 pollen taxa were identified, of which 29 taxa were included in the pollen diagram (Figs. 2 and S1 ). Samples from the lowland desert or steppe areas consist mainly of Artemisia and Chenopodiaceae pollen, which together generally constitute over 70 % (and up to 90 %) of the total pollen assemblage, as well as a relatively large Ephedra pollen component (E. fragilis-type and E. distachya-type). In contrast, Cyperaceae pollen makes up higher percentages (20-60 %) in samples from alpine Kobresia meadows on the eastern Tibetan Plateau. The contribution of arboreal pollen taxa (i.e. Alnus, Pinus, Picea, Juniperus, Betula, and Quercus) is generally less than 2 %. The Procrustes analysis between the 9 pairs of surface pollen data from large lakes and neighbouring small lakes yields a statistically significant fit. Relatively high dissimilarities, as indicated by larger residuals, are identified for Poaceae, Cyperaceae, Brassicaceae, and Potentilla-type (see Fig. S2 ). Slightly higher proportions of Poaceae and Brassicaceae pollen are generally recovered from the small-lake surface samples. Furthermore, the partial RDA reveals that lake size explains 7.9 % of the total variance, but this is not statistically significant (p = 0.331) when using lake radius as an environmental variable and P ann and T July as covariables. Alternatively, P ann and T July together significantly explain 46.1 % of the total variance when lake size is used as a covariable (p < 0.001).
As shown in Fig. 3 , relatively small pollen source areas are estimated for the larger pollen grains (such as Cyperaceae and Poaceae) ( Table 2 ). In contrast, small pollen grains such as Artemisia and Chenopodiaceae yield relatively large source areas. Taking into account the relative proportions of the different pollen taxa, pollen source areas covering distances ranging from 50 to 250 km from the lakes are estimated for the 53 large lakes (Fig. 3l) . The inverse-distanceweighted data within the pollen source areas generally indicate higher precipitation and lower temperatures than the climate data from the sampling points (Fig. 4) . The difference between mean annual precipitation varies from −15 to 47 %, with an average of about 9 % (Fig. 4a) . The inverse-distanceweighted mean July temperatures are up to 2.8 • C lower than those for the sample points (Fig. 4b) . Subsequently, the reconstructions with consideration of the IDW method are ca. 30 mm higher than the reconstructions without IDW (see Fig. S5 ), further indicating the necessity of considering the pollen source area and the IDW process.
On the basis of the surface pollen data from 53 large lakes, the first two RDA axes capture 28.1 % of the total variance in pollen assemblages (axis 1, 26.3 %; axis 2, 1.8 %), suggesting that only a few underlying variables dominate the data structure. The forward selection option within RDA suggests To evaluate the correlation of these two data sets
Non-fit between these two data sets R Procrustes(2) Fossil pollen data from Lake Donggi Cona and Lake Kuhai
To evaluate the correlation of these two data sets
Significant correlation between these two data sets R that mean annual precipitation (P ann ) is the main factor determining the pollen assemblage, which significantly (p value < 0.001) explains 18 % of the total variance (Fig. 5a ). MRT analysis of surface pollen samples from the large lakes was performed using P ann as an environmental variable, yielding a tree with 4 leaves (Fig. 2) . The surface pollen samples from large lakes were then classified into four groups (LSG 1-4) on the basis of MRT results. The first of these groups (LSG 1), in which P ann is below 170 mm, is characterised by high percentages of Chenopodiaceae pollen (> 40 %) and very low frequencies of Cyperaceae pollen. The LSG 2 group contains samples with slightly lower Chenopodiaceae content of around 30 %, indicating a mean annual precipitation range between 170 and 315 mm. The LSG 3 group comprises samples from 22 lakes, for which higher precipitation (314-490 mm) is indicated by a reduced Chenopodiaceae content (about 10 %) as well as continuous appearance of Cyperaceae. The dominance of Cyperaceae in the LSG 4 group, in which it comprises up to 80 % of the total pollen assemblage, indicates the highest mean annual precipitation conditions, with P ann generally greater than 490 mm. In addition, the distribution of modern pollen samples on the RDA bi-plot represents the P ann gradient identified by the MRT (Fig. 5a ).
Since the RDA reveals a strong correlation between P ann and pollen compositions, WA-PLS models were developed to reconstruct mean annual precipitation. In an initial WA-PLS model, 4 samples with residuals twice the model root mean square error of prediction (RMSEP) were identified and excluded as outliers. A two-component WA-PLS model was then selected for P ann reconstructions, taking into account the low RMSEP of 98 mm and the high squared correlation between jackknife-predicted and observed values (r 2 Jack ) of 0.69.
Surface pollen samples from Lake Donggi Cona
In total, 79 pollen taxa were identified in the 15 surface sediment samples from Lake Donggi Cona, of which 22 were used for numerical analysis (Fig. S2b) . The first two axes of the sample-centred PCA analysis capture 36.1 and 11.9 % of the total variance, respectively. Three groups can be identified along the gradient of the first axis, correlating with the spatial distributions within the lake. Group DCS-I (Donggi Cona Surface) from the eastern part of the lake lies on the upper part of the second axis owing to the low amount of Chenopodiaceae pollen, while group DCS-II from the central part and group DCS-III at the western end of the lake lie at either end of the first axis due to their different Cyperaceae pollen contents (Figs. 1, S1 and S3). When passively plotted on the RDA tri-plot based on the pollen data from 53 large lakes, all surface samples (except for 2 samples that fall in LSG 2 group) from Lake Donggi Cona are dispersed within the LSG 3 group (Fig. 5b) , representing a mean annual precipitation between 315 and 490 mm, and the WA-PLS-derived annual precipitation results range from 320 to 402 mm, which fit well with the inverse-distance-weighted modern climate data for Lake Donggi Cona (Figs. 2 and 8c ).
Core PG1790 from Lake Donggi Cona
Samples from core PG1790 consist mainly of four taxa of herbaceous pollen that are common in arid and semi-arid areas, i.e. Artemisia, Chenopodiaceae, Poaceae, and Cyperaceae; these make up over 80 % of the total pollen assemblage (Fig. 6) . Aster-type, Thalictrum, Ephedra, Potentillatype, and Brassicaceae pollen appear continuously in moderate quantities varying between 1 and 5 %. The content of arboreal pollen taxa including Pinus, Picea, Alnus, Betula, and Quercus is relatively low. The fossil pollen diagram is divided into six pollen assemblage zones on the basis of the CONISS stratigraphically constrained cluster analysis (PZ 1-6, Figs. 5b and 6). The characteristic pollen taxa, inferred vegetation, and inferred precipitation are shown in Table 4 .
Passively plotted on the RDA tri-plot, fossil samples mostly fall into the first three LSG groups, with no samples appearing in the LSG 4 group (Fig. 5b) . Fossil samples in PZ 1 and PZ 2 are mainly located within LSG 1, with only a few samples in PZ 2 falling within LSG 2. PZ 3 and PZ 4 show rather scattered distributions between LSG 2 and LSG 3, while PZ 5 and PZ 6 fall mainly in LSG 2. It is interesting to note that the modern surface samples from Lake Donggi Cona generally concentrate in LSG 3, with the exception of two samples in LSG 2. Mean annual precipitations (P ann ) reconstructed using WA-PLS show variations ranging from about 100 mm during the Late Glacial period to about 400 mm in the early Holocene (Fig. 8) .
The results of the Procrustes and PROTEST analyses are summarised in Fig. 7 and Table 5 . The low PROTEST correlation coefficient (0.36) together with the high p value (0.43) indicate a non-fit between the pollen and ostracod data sets from Lake Donggi Cona, which could be further inferred from the high Procrustes residuals (Fig. 7) . In contrast, variations in pollen data from Lake Donggi Cona show a significant correlation with pollen data from Lake Kuhai, with a high PROTEST correlation coefficient (0.56) and low Procrustes rotation sum of squares (0.68). 
Discussion
Accuracy of pollen-based climate reconstructions from large lakes
We propose that the accuracy of pollen-based climate reconstruction from large lakes will improve when the effects of (1) pollen source area and (2) within-lake variations in pollen assemblage are taken into account, and when (3) pollen data are validated with other proxies and other sites.
1. Pollen source areas for sites in pollen-climate calibration sets. Pollen source areas are assumed to depend mainly on the size of the lake basin and the species-specific dispersal and depositional characteristics of pollen grains (e.g. Prentice, 1985 Prentice, , 1987 Sugita, 1993; Borström et al., 2008) . Our partial RDA, based on pollen data from 9 pairs of neighbouring large and small lakes, reveals an insignificant but consistent influence from lake size, explaining 7.9 % out of 48.1 % of the explained variance in pollen assemblage. Furthermore, our numerical comparison of the inter-species relationships in small and large lakes reveals higher residuals for taxa with large pollen grains (Cyperaceae, Poaceae) than for those with small grains (Artemisia, Chenopodiaceae). This is in agreement with the theory of pollen dispersal that the smaller the grain the larger the source area (pollen grain sizes, from large to small, are Cyperaceae, Poaceae, Chenopodiaceae, and Artemisia; Fig. 3a-k) (Sugita, 1993) . Hence the size of pollen source area for a lake depends not only on the size of the lake but also on the species composition in the surrounding vegetation. This conclusion is supported by the results from our source area estimations for the 53 surface sediment samples presented in Fig. 3l , where only a loose positive relationship can be inferred between the size of the lake basin and the source area. Both variations in lake size through time and changes in the pollen composition may therefore affect a lake's pollen source area size, but these factors have rarely been considered when inferring quantitative climate variations from lake pollen records on Tibetan Plateau Herzschuh et al., 2009; Lu et al., 2011) .
RDA based on the calibration data set reveals that precipitation is the major constraining variable for pollen spectra within the study region, which confirms the results of previous studies in central Asia Herzschuh et al., 2010) . To allow for the concept of pollen source area when setting up the pollen-climate calibration model, we included only pollen spectra from large lakes and used Fig. 3. (a-k) : establishment of pollen source areas for the four major pollen types (Artemisia, Chenopodiaceae, Poaceae, and Cyperaceae) using various lake sizes (radii ranging from 750 to 12 500 m), showing the changes to the proportion of pollen loading in the lake (y axes -percentages) with increasing distance from the lake (x axes -metres) (horizontal lines indicate the 50 % levels). (l): correlation of the calculated pollen source area radius with the lake radius for 53 surface sediment pollen samples from large lakes.
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distance-weighted P ann values as climate data (Table 1). The two-component WA-PLS model yields a slightly higher RMSEP as a percentage of the total gradient (12.1 %, vs. 7.2 % in Shen et al., 2006 , based on soil samples, and vs. 10.6 % in Herzschuh et al., 2010 , based predominantly on small lakes), which may originate from the generally higher noise-to-signal ratio in large lakes due to the higher long-distance component in such lakes. For example, the smaller pollen grains (e.g. Artemisia, Chenopodiaceae; see Table 2 ) could be easily suspended and transported over long distances, reaching the central part of large lakes. In other words, the pollen assemblages recovered from large lakes contain relatively higher regional noise, which possibly causes the higher RMSEP in our large lake calibration data set compared to the previously published data sets of surface soil or small lakes. Thus, when applying pollen-climate correlations based on samples with much smaller pollen source areas directly to pollen records recovered from large lakes, the RMSEP obtained from the modern calibration set will underestimate the real error ranges of the reconstruction, which is influenced by the pollen transportation process rather than a systematic offset. Furthermore, higher precipitation reconstructed with consideration of the pollen source area (Fig. S5) confirms the influences of lake size on the climate reconstruction, i.e. that to treat a lake as a point is not suitable for pollen related studies.
2. Patterns of within-lake variability for pollen spectra. Pollen grains deposited in lakes are always assumed to have originated mainly from the aerial pollen component. Large pollen grains are assumed to have a lower dispersibility than small grains (Fig. 3a-k ) and hence to make up a higher proportion of the pollen in sediments that are close to the lake margins than are from the lake centre. This is supported by Luly (1997) , who found an increasing proportion of Chenopodiaceae pollen in pollen traps towards the central part of Lake Tyrrell, in Australia. Concentric distribution patterns have also been reported for the herbaceous pollen proportions in Lake Dianchi, Yunnan Province, China (Sun and Wu, 1987) . However, only the patterns have hitherto been described, while the influences that these within-lake variations have on pollen-based climate calibrations have not previously been evaluated. On the other hand, the redeposition of pollen grains in lakes also affects the pollen composition, especially for the shallower lakes (Bonny, 1978) . The importance of pollen redeposition has also been demonstrated in sediment trap studies at Frains Lake and Sayles Lake, Michigan, which indicated that up to 80 % of the pollen could have been reworked from the lake sediment and subsequently redeposited (Davis, 1968 (Davis, , 1973 . Pollen redeposition has been reported to be negligible in lakes with steep-sided basins, regardless of the lake basin size (Pennigston, 1974; Bonny, 1976) . WA-PLS-derived precipitation figures for the surface sediment samples from Lake Donggi Cona vary between 347 and 452 mm, showing a decreasing trend towards the lake centre (Figs. 8c and S4 ). Taking into account the steep-sided basin structure of Lake Donggi Cona, such variation in precipitation reconstruction is therefore likely to be caused by wind-driven transportation processes rather than by redeposition processes within the lake.
Fluvial input is another potential source of pollen in the sediments of lakes. On the basis of pollen investigations in Lake Malawi and its catchment areas, Debusk (1997) concluded that fluvial supply of pollen is of the same order of magnitude as aerial input. Xu et al. (2005) reported variations in both pollen concentrations and pollen assemblages within Lake Daihai (Inner Mongolia, China). They found higher concentrations of pollen in sediments of alluvial origin, and a good correlation between the pollen composition in the sediments and the composition of vegetation within the catchments of the inflows, from which they proposed that the pollen were primarily river-transported. Investigations by Huang et al. (2004) of surface pollen samples from Bosten Lake in western China also revealed slight within-lake variations. Pollen grains of Picea and Juniperus were found to have been mainly river-transported to lowland desert lakes in Inner Mongolia from the nearby Qilian Mountains (Zhu et al., 2002) . Similarly, at Lake Donggi Cona we found the highest Cyperaceae pollen values at the inflows, which we assume originated from the Kobresia meadows in the mountains and from wetland vegetation drained by the river. On the other hand, the two samples collected from close to the Lake Donggi Cona outflow were separated by PCA from the other samples, which had possibly also been influenced by the outflow as a result of selective loss of larger pollen grains (e.g. Cyperaceae). Hence, fluctuations in lake water level and the resulting changes in shoreline location, as well as the position and strength of discharges into the lake, are likely to influence the distribution of pollen within large lakes. In addition, an abrupt non-climate-related lake level change, i.e. tectonically driven lake opening, would also lead to changes in pollen assemblages through the variation in lake size, which may in turn lead to false interpretation of the pollen sequence.
3. Evaluation of climate reconstructions. We have aimed to differentiate the regional climate signal from local ecological/environmental noise by means of a proxy-to-proxy and site-to-site evaluation of the original proxy data, as well as by applying two different calibration methods. Aside from pollen, a variety of other proxies are commonly used for environmental reconstructions, among which ostracod assemblages on the Tibetan Plateau are assumed to primarily reflect limnological changes such as water depth and salinity (Mischke et al., 2007 . We interpret the non-fit of the pollen data with the ostracod data obtained from the same core (thereby excluding the influence of age-depth correlations) as indicating that the pollen data are more likely to reflect a terrestrial signal that was driven primarily by the climate than within-lake changes or variations in the fluvial input. That the pollen signal is regionally consistent is further confirmed by the significant fit between the pollen data from Lake Donggi Cona and pollen data from Lake Kuhai, 50 km away ( Fig. 7b ; Table 5 ). According to recent organic geochemical and sedimentological evidence, Lake Donggi Cona became an open-water system during the late Holocene (around 6.8 cal. ka BP) Opitz et al., 2012) . Such hydrological change could have serious effects on the aquatic ecosystems (in particular ostracods here), which may have led to the substantial discrepancies between the ostracod and pollen records as indicated by the obvious different trends after 6 cal. ka BP (Fig. 7a) . On the other hand, the pollen records mainly reflect regional signals, which may not have been affected by such hydrological change, showing generally consistent patterns between Lake Donggi Cona and Lake Kuhai (Fig. 7b) . Therefore, our fossil pollen record here is more appropriate to infer the past climate changes than ostracod.
The quantitative precipitation reconstruction obtained by the WA-PLS method was validated by the combined MRT-RDA calibration method (Davidson et al., 2010a, b) . The semi-quantitative results obtained vary between about 100 mm and 400 mm. Both the range and the pattern through time thus obtained are almost identical to the WA-PLS-based reconstructions despite the two different basic principles of the methods: WA-PLS assumes a unimodal pollen-climate response, while RDA performs better with linear relationships (Fig. 8 ) . The fact that the reconstructions are independent of the calibration method used indicates the robustness of our approaches.
Late Glacial and Holocene climate evolution of the Lake Donggi Cona area
To help decide whether the climate signals inferred from the Lake Donggi Cona pollen record are of local or of regional validity, we compared our results to other records from the eastern Tibetan Plateau and attempted to identify the driving forces behind the reconstructed climate changes (Fig. 8) .
We have inferred a low vegetation cover in the Lake Donggi Cona area, as indicated by the high amount of pollen that may have undergone long-distance transport and by the extremely dry conditions (P ann ∼ 150 mm) from the basal sediments in our core, which accumulated during, or soon after, the LGM. These results are in agreement with previously reconstructed precipitation results from the Luanhaizi and Ren Co lakes (Tang et al., 2004) on the eastern Tibetan Plateau, where precipitation was reconstructed to be about half the present level. Additional lacustrine records from the eastern Tibetan Plateau, such as those from Ximen Co Lake and Lake Naleng on the eastern Tibetan Plateau and Lake Shudu from Yunnan Province in southwestern China (Cook et al., 2011) , indicate that lacustrine sedimentation in many glacial basins started immediately after the LGM. As summarised in Herzschuh (2006) , only a few lakes existed continuously during the LGM in the present-day monsoonal areas of central Asia due to the extremely low effective moisture, which resulted from the low temperatures of the Northern Hemisphere (Dansgaard et al., 1993) and the shutdown of the Asian monsoonal system. Thereafter, slightly wetter Late Glacial conditions (P ann ∼ 200 mm) are reconstructed, which were terminated by an abrupt reversion to extremely dry conditions. Generally increasing trends in precipitation after the LGM have also www.clim-past.net/10/21/2014/ Clim. Past, 10, 21-39, 2014 been reconstructed on the basis of pollen records from Lake Kuhai (Wischnewski et al., 2011) , Lake Koucha ), Lake Yidun , Lake Luanhaizi , and Ren Co Lake (Tang et al., 2004) , which are on the eastern Tibetan Plateau, and have been further confirmed by climate indices reviewed in Herzschuh (2006) and Wang et al. (2010) . Following an increase in solar insolation, meltwater from glaciers and frozen ground probably contributed to an increase in the moisture available to vegetation. Taking into account the dating uncertainties, the reversion from the first wet period after the LGM may be stratigraphically consistent with "Heinrich event 1" in the North Atlantic region (Broecker et al., 1992) . This may indicate that the climate on the Tibetan Plateau during the early part of the Late Glacial was influenced by cold and dry westerly air masses originating from the North Atlantic region, as has been previously suggested from a review of the loess records (Vandenberghe et al., 2006) .
According to palynological studies from the nearby Lake Kuhai (Wischnewski et al., 2011) and Lake Koucha , the abrupt decrease in Chenopodiaceae and increase in Artemisia pollen at about 14.5 cal. ka BP indicate the start of a period temporally consistent with the Bølling/Allerød event. Identical patterns are also found in the pollen sequences of Lake Donggi Cona, dated to about 13.5 cal. ka BP. We assume that the difference of about 1000 yr results from local scale and temporal variations in the hard water effect, and hence the radiocarbon ages from the bottom part of the core may be less reliable. Another reversion to dry conditions in the Lake Donggi Cona area at about 12 cal. ka BP is temporally correlated to the Younger Dryas cold event. However, owing to the limited resolution of our pollen record, only two samples were recovered during this period, which is therefore not visible in the smoothed precipitation reconstruction. Records from other nearby lakes, e.g. from Qinghai Lake (Shen et al., 2005) , Lake Kuhai , and Lake Koucha (Mischke et al., 2008) , reveal identical wet Bølling/Allerød and dry Younger Dryas events, albeit with minor temporal inconsistencies.
The highest pollen-derived annual precipitation (up to 400 mm) was reconstructed for the early Holocene, which has also been reported from other sites on the Tibetan Plateau (see syntheses in Morrill et al., 2003; Herzschuh, 2006; Zhang and Mischke, 2009; Wang et al., 2010; Wischnewski et al., 2011) . Although the reconstructed precipitation values for this period at Lake Yidun , Lake Luanhaizi and Ren Co Lake (Tang et al., 2004) were not the maximum, they are consistently inferred to have been significantly higher (by ∼ 50 %) than in the Late Glacial. The drivers behind this wet phase were further increases in Northern Hemisphere summer solar insolation, increased meltwater from glaciers and frozen ground, and enhanced precipitation due to an intensified Asian summer monsoon (ASM) .
The annual precipitation inferred from the Lake Donggi Cona pollen record subsequently decreased to around 200 mm, resulting mainly from the increase in Chenopodiaceae pollen. Records from nearby lakes also indicate relatively low precipitation Wischnewski et al., 2011) , but the signal is not as pronounced as at Lake Donggi Cona. This is probably due to the fact that the pollen loadings in the large Lake Donggi Cona derive from a larger source area at lower elevation, including a relatively high proportion of desert areas in the lowlands, e.g. the Qaidam Basin. Quantitative reconstructions from Lake Donggi Cona are consequently likely to overestimate the precipitation signal in the direct vicinity of the lake. The ASM (mainly the Indian summer monsoon) retreated after the early Holocene following changes in Northern Hemisphere insolation, as revealed by marine records from the Arabian Sea (e.g. Overpeck et al., 1996) , stalagmites (e.g. in the Dongge Cave in south-western China and in the Qunf Cave in southern Oman (Fleitmann et al., 2007) ), and synthetic moisture indices (Herzschuh, 2006; Wang et al., 2010) , resulting in reduced monsoonal precipitation. Lake Donggi Cona and the two nearby lakes, Lake Kuhai and Lake Koucha, generally show consistent patterns in the variation of pollen-based precipitation that are much more pronounced than the other records (Fig. 8) , which may be due to the greater influence of glaciers in the Anemaqin mountain range.
Interestingly, the Lake Donggi Cona pollen record reveals a second wet period between about 7 and 4.5 cal. ka BP, with P ann around 340 mm, which has also been found in various other climate reconstructions based on pollen records, e.g. at Lake Koucha ), Lake Kuhai (Wischnewski et al., 2011) , Lake Naleng (Kramer et al., 2010b) , and the no. 2 pit peat section (Yan et al., 1999) . Over the same time period, maximum levels of precipitation are reconstructed from Lake Yidun , Lake Luanhaizi , Lake Hidden, and Ren Co Lake (Tang et al., 2004) . Other (non-pollen) studies from the eastern Tibetan Plateau and the Zoigê Plateau, e.g. stable carbon-isotope records from the Hongyuan peat section (Hong et al., 2005) , and multi-proxy results from Qinghai Lake (Shen et al., 2005) , reveal identical patterns. intensification of the EASM, revealed by a synthesis of moisture records from the monsoonal central Asia region (Wang et al., 2010) , which indicates that Holocene climate changes affecting the eastern Tibetan Plateau could also, to some extent, have been influenced by the EASM system.
The late Holocene (4.5-0 cal. ka BP) shows relatively steady dry conditions that may have resulted from a further retreat of the ASM (Wang et al., 2010) , which is also consistent with a phase of enhanced aeolian activity at the Donggi Cona region . Apart from reducing precipitation at Lake Hidden, a gradually increasing moisture trend after 3.5 cal. ka BP can be identified in the WA-PLS-reconstructed precipitation results, reflecting the increasing Cyperaceae pollen component. An expansion of Kobresia meadows in the north-eastern Tibetan Plateau is described from the two neighbouring sites at Lake Kuhai (Wischnewski et al., 2011) and Lake Koucha , as well as in pollen records from numerous peat sections near the Nianbaoyeze Mountains (Schlütz and Lehmkuhl, 2009) , indicating either more effective moisture availability or greater impact from grazing. argued that the Holocene vegetation changes, especially the mid-Holocene extension of Kobresia meadow, can be partly attributed to the higher atmospheric CO 2 levels that were present during the early Holocene based on the BIOME4 global vegetation modelling results.
Conclusions
Through investigations and numerical analyses of various surface sediment samples collected from large and small lakes, we have attempted to improve the current understand- (C-E): WA-PLS-reconstructed mean annual precipitation for Lake Donggi Cona (crosses indicate results from surface sediment samples DCS 1-15), Lake Koucha (after Herzschuh et al., 2009) , and Lake Kuhai (after Wischnewski et al., 2011) . (F-I): quantitatively reconstructed precipitation based on pollen data from Lake Luanhaizi (after Herzschuh et al., 2010) , Ren Co Lake (after Tang et al., 2004) , Lake Yidun (after Shen et al., 2006) , and Lake Hidden (after Tang et al., 2004) , on the eastern Tibetan Plateau. All fitting lines are based on LOESS smoothing; H1, BA, and YD represent Heinrich event 1, Bølling/Allerød and Younger Dryas respectively. ing of pollen-based climate reconstructions for large lakes, in particular with respect to pollen source areas, within-lake variability in pollen assemblages, and multi-proxy and multisite validation of the reconstruction models. Generally, we are now able to obtain more realistic climate reconstructions from large lakes, and to reduce the discrepancies caused by the application of different proxies.
Multivariate regression tree and redundancy analyses, together with WA-PLS, have been used to reconstruct precipitation in the Lake Donggi Cona area since the Last Glacial Maximum, revealing fluctuations in annual precipitation that range from about 150 mm during the Last Glacial Maximum to a peak of about 400 mm during the early Holocene. Climate changes over the north-eastern Tibetan Plateau were triggered by variations in Northern Hemisphere insolation and primarily influenced by deglaciation and fluctuations in the intensity of the Asian summer monsoon, as well as by the westerlies derived from the North Atlantic Ocean. However, future investigations and integrations of proxy data would be necessary to identify the causes of the different behaviours between lake level and pollen-based regional precipitation changes.
Supplementary material related to this article is available online at http://www.clim-past.net/10/21/2014/ cp-10-21-2014-supplement.pdf.
